Myelinating glia express high levels of a unique set of genes which code for structural proteins of the myelin sheath. Few transcription factors have so far been implicated in the regulation of any myelin gene. Here we show that the protein zero (P 0 ) gene, a myelin gene exclusively expressed in the Schwann cell lineage of the peripheral nervous system, is controlled in its expression by the high-mobility-group domain protein Sox10 both in tissue culture and in vivo. Induction of wild-type Sox10, but not of other transcription factors or Sox10 mutants, strongly increased endogenous P 0 expression in tissue culture. This activation was mediated by the P 0 promoter, which was stimulated by Sox10 in transient transfections. Detailed analyses revealed the involvement of a proximal and a distal promoter region. The distal region functioned only in conjunction with the proximal one and contained a single Sox consensus binding site, which accounted for most of its activity. In contrast, the proximal region mediated Sox10 responsiveness on its own. It contained multiple binding sites for Sox proteins, with two high-affinity sites being the most significant. P 0 expression also depended on Sox10 in vivo, as evident from the analysis of Schwann cell precursors in mouse embryos with Sox10 mutation at day 12.5 of embryogenesis. To our knowledge this is the most conclusive link to date between a glial transcription factor and cell-specific activation of myelin gene expression.
The nervous system contains two major types of cells, neurons and glia. The task of glial cells is to support development, survival, and functionality of neurons. Glial cells are found associated with neuronal cell bodies as well as with axons. Vertebrates have developed special types of glial cells that form multilamellar sheaths around axonal segments. These myelin sheaths act as electrical insulators and confine the spread of action potentials to the nodes of Ranvier which separate the myelinated segments. Myelinating glia are thus essential for the rapid saltatory conduction of nerve impulses that are characteristic of the vertebrate nervous system.
The myelin sheath is a specialized organelle that contains a small number of highly abundant proteins (25) . These include myelin basic protein, proteolipid protein (PLP), protein zero (P 0 ), and peripheral myelin protein 22 . Whereas myelin basic protein is an integral part of myelin in both the central and peripheral nervous systems, other myelin proteins are essentially confined to either peripheral or central nervous system. PLP, for instance, is only expressed at low levels in Schwann cells, which constitute the myelinating cells of the peripheral nervous system. Furthermore, PLP is not integrated into Schwann cell myelin (16) . In the central nervous system, however, PLP accounts for approximately 40% of total myelin protein, and PLP transcripts are highly abundant in oligodendrocytes, which are the myelinating cells of the central nervous system.
For P 0 and PMP-22, the situation is the exact reverse. Both are preferentially present in Schwann cells (24, 25) . P 0 , in particular, seems to be expressed at significant levels in no cells other than those of the Schwann cell lineage. This transmembrane glycoprotein of the immunoglobulin superfamily is detected in neural crest cells committed to the glial lineage and continues to be present throughout development of the Schwann cell lineage at low levels (10, 21) . Upon myelination, P 0 expression is massively upregulated. As a consequence, P 0 makes up more than 50% of the total myelin protein in mature Schwann cells, where it is directly involved in myelin compaction (1, 7, 26, 27, 42) .
Its highly restricted expression has made P 0 an attractive target for the analysis of cell-specific transcriptional regulation. Using cultures of rat Schwann cells and transgenic mice, it was shown that a 1.1-kb promoter region of the rat P 0 promoter is sufficient to mediate Schwann cell-specific expression both in vitro and in vivo (27, 29, 30) . Transient transfections have been used to analyze this region in further detail. These experiments revealed the presence of a minimal promoter responsible for basal levels of transcription, as well as a strongly activating proximal and a modulatory distal region within this fragment (6) . Although DNase footprinting experiments have succeeded in identifying a number of cis-acting sequences within the P 0 promoter, the relevant trans-acting factors are not known. This situation is symptomatic for all myelin gene promoters studied to date.
At the same time, a number of transcription factors which exhibit preferential expression in myelinating glia have been identified and found to be important for gliogenesis and maintenance of the glial phenotype (for reviews, see references 31, 40, and 50). However, the target genes through which these factors act are not known. One of these transcription factors is Sox10 (19) . This transcription factor belongs to the group of Sox proteins which contain as their DNA binding domain a high-mobility-group (HMG) box with similarity to the one originally identified in the mammalian sex-determining factor Sry (35, 47) . During development, Sox10 is first expressed widely in cells of the emerging neural crest (4, 19, 38, 46) . Mutation of Sox10 therefore leads to a combination of neural crest defects that lead to embryonic lethality in homozygously affected mice and to pigmentation defects, deafness, and colonic aganglionosis in heterozygously affected mice and human patients suffering from combined Waardenburg-Hirschsprung syndrome (13, 36, 46) . The neural crest-derived Schwann cell lineage also seemed to be affected in mice homozygous for the Sox10 mutation, arguing for a role of Sox10 in the early phases of Schwann cell development (13) .
During late stages of embryogenesis and in the adult, Sox10 expression is primarily found in myelinating glia, including both Schwann cells and oligodendrocytes. This continued expression in myelinating glia clearly indicates that Sox10 has a function not only during early committment and determination but also during later stages of glial development. As for other glial transcription factors, no target gene which could help to explain Sox10 function in glial cells has so far been characterized.
Here we show that the P 0 gene is a direct transcriptional target of Sox10, thus providing both one of the first examples of a target gene for a glial transcription factor and of a transcription factor intricately involved in the regulation of myelinspecific genes.
MATERIALS AND METHODS
Plasmids. Plasmid pMPTRE was constructed by inserting a hygromycin resistance cassette into pUHD10-3, which carries a tetracycline-regulatable promoter (8) . For inducible expression, rat cDNAs for several transcription factors were inserted into pMPTRE behind the tetracycline-regulatable promoter, using the following restriction sites: HindIII for Sox10 and Sox10 dom (13) , NotI/XhoI for Sox10 059 (20) , NotI for Sox11 (18) , and EcoRI for Krox-20 (19) . The luciferase reporter plasmids containing either the rat P 0 promoter from positions Ϫ915 to ϩ48 (P0luc) or the ␤-globin TATA box (pTATAluc) were as described elsewhere (12, 41) . The luciferase reporter carrying the mouse P 0 promoter from positions Ϫ1300 to ϩ48 (mP0luc) was constructed similarly to P0 luc, with mouse P 0 sequences being generated by genomic PCR and inserted between XhoI and HindIII sites in front of luciferase. Deletion mutants of P0luc (see Fig. 4A ) were generated by use of a BglII site at position Ϫ435 or a BamHI site at position Ϫ38 or by PCR-directed mutagenesis. The mutation of potential Sox binding sites within the P 0 promoter (see Fig. 5A and 6B) was through the use of a Quick Change mutagenesis kit (Stratagene). A region corresponding to positions Ϫ229 to Ϫ116 of the rat P 0 promoter was also inserted into pTATAluc in front of the TATA box, yielding pTATAϩProxluc. Plasmid pTKluc contained the full length murine thymidine kinase (TK) promoter in front of luciferase. For bacterial expression of rat Sox10, cDNA sequences corresponding to amino acids 1 to 189 and 101 to 180 were generated by PCR and inserted into pGEX vectors as BamHI/HindIII fragments.
Cell culture, transfections, and luciferase assays. G418-resistant N2A neuroblastoma cells expressing the reverse tetracycline-controlled transactivator (rtTA) were a gift from E.-M. Mandelkow (EMBL Outstation, Hamburg, Germany). Stable transfection was performed using calcium phosphate precipitates and hygromycin selection. The resulting transfectants were maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, G418 (400 g/ml; Gibco BRL), and hygromycin (150 g/ml; Roche Diagnostics). For Western blot analysis, cells were harvested after 24 h in the presence or absence of doxycycline (2.5 g/ml; Sigma).
For luciferase assays, cells were transfected in quadruplicates on 35-mmdiameter plates with 2 g of luciferase reporter plasmid per plate, using Superfect reagent as instructed by the manufacturer (Qiagen). After transfection, cells were returned to Dulbecco's modified Eagle medium containing 10% fetal calf serum. To induce expression of the effector, doxycycline was added at a concentration of 2.5 g/ml to half of the plates. Cells were harvested 62 h posttransfection, and extracts were assayed for luciferase activity (48) . To compare induction rates between single experiments, doxycycline-dependent activation of a particular luciferase reporter was normalized to the doxycycline-dependent activation of pTATAluc. For normalization to an internal control, 2 g of plasmid pCH110 (Clontech) was cotransfected, and aliquots of the extracts were analyzed in liquid ␤-galactosidase assays according to standard protocols.
RNA preparation, reverse transcription, PCR, and RNase protection. Total RNA was isolated from N2A stable transfectants and from embryonic day 12.5 (E12.5) mouse embryos, using TRIZOL reagent (Gibco BRL). Two micrograms of each RNA sample was reverse transcribed into cDNA for 1 h at 42°C, using 400 U of Moloney murine leukemia virus reverse transcriptase, 45 pmol of oligo(dT) primer, and 0.5 mM deoxynucleoside triphosphate in 30 l of 50 mM Tris-HCl (pH 8.3)-75 mM KCl-3 mM MgCl 2 -1 mM dithiothreitol.
For quantitation, 2 l of cDNA was amplified with primer pairs specific for P 0 , Sox10, Sox11, Krox-20, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primer pairs were used: P 0 (5Ј-GCCCTGCTCTTCTCTTCTTT-3Ј and 5Ј-CCAACACCACCCCATACCTA-3Ј, yielding a 0.4-kb product), Sox10 (5Ј-GAGGAGGTGGGCGTTGGGCTCTTC-3Ј and 5Ј-AGCTCTGTCTTTGG GGTGGTTGGA-3Ј, yielding a 0.8-kb product), Sox11 (5Ј-CGTTGGAAGATG CTGAAGGACA-3Ј and 5Ј-CCGCTGGATGAGGAGGTGGACA-3Ј, yielding a 0.65-kb product), Krox-20 (5Ј-CACCACTTCCACCTCCTCTC-3Ј and 5Ј-CT CACCACCTCCACTTGCTC-3Ј, yielding a 0.3-kb product), and GAPDH (5Ј-GCCATCAA(C/T)GACCCCTTCATT-3Ј and 5Ј-CGCCTGCTTCACCACCTT CTT-3Ј, yielding a 0.7-kb product). In addition to 40 Proteins, cell extracts, and Western blots. Regions corresponding to amino acids 1 to 189 or 101 to 180 of rat Sox10 were produced in bacteria as glutathione S-transferase (GST) fusion proteins and purified according to standard procedures (39) . In some experiments, the GST moiety was removed by thrombin cleavage.
Extracts from N2A neuroblastoma cells were prepared and analyzed by Western blotting and enhanced chemiluminescence ECL detection as described elsewhere (43) . Polyclonal rabbit antisera directed against Sox10, Sox11, or Krox-20 (1:3,000 dilution) served as primary antibodies; horseradish peroxidase-coupled protein A served as the secondary detection reagent (19) .
Electrophoretic mobility shift assay. In general, 0.5 ng of 32 P-labeled probe (for sequences, see Fig. 6B and 7A) were incubated with recombinant protein for 20 min on ice in a 20-l reaction mixture containing 10 mM HEPES (pH 8.0), 5% glycerol, 50 mM NaCl, 5 mM MgCl 2 , 2 mM dithiothreitol, 0.1 mM EDTA, 4 g of bovine serum albumin, and 2 g of poly(dG-dC) as nonspecific competitor. Samples were loaded onto native 4% polyacrylamide gels and electrophoresed in 0.5ϫ TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA [pH 8.3]) at 120 V for 1.5 h. Gels were dried and exposed for autoradiography.
In situ hybridization, histology, and microscopy. Mouse embryos at E12.5 were fixed overnight at 4°C in 4% paraformaldehyde, dehydrated, bleached, and embedded in 20% gelatin. After overnight fixation in 4% paraformaldehyde, blocks were vibratome sectioned (100 m). Digoxigenin (DIG)-labeled riboprobes were produced with a DIG-RNA labeling kit (Roche Diagnostics). Whole-mount in situ hybridization on vibratome slices was performed essentially as described elsewhere (15, 21) with hybridization temperature raised to 60°C for P 0 and kept at 65°C for cadherin-6.
For histological analysis, E12.5 mouse embryos were fixed overnight at 4°C in 4% paraformaldehyde, dehydrated, and embedded in Technovit 7100 resin (Kulzer); 6-m sections were stained with toluidine blue.
RESULTS

Inducible expression of Schwann cell transcription factors.
During development of the Schwann cell lineage, P 0 is expressed in an overlapping pattern with several transcription factors that are preferentially present in these cells, including the POU protein Tst-1/Oct6/SCIP, the zinc finger protein Krox-20, and the HMG domain protein Sox10 (3, 19) . Krox-20 and Sox10, in particular, are both strongly expressed in mature Schwann cells which produce large amounts of P 0 .
To test whether P 0 expression is regulated by any of these transcription factors, we generated cell lines that allowed their inducible expression. The system chosen was the Tet-On system, where rapid induction of a gene under the control of a tetracycline-responsive promoter (TRE) is achieved by addition of tetracycline or its derivative doxycycline to cells which express the rtTA transactivator (9) . rtTA-positive N2A neuroblastoma were selected as starting material because of their neural origin and the absence of endogenous Tst-1/Oct6/SCIP and Sox10 (19) . Only Krox-20 was present in low amounts (data not shown).
Clonal and polyclonal lines were established by stable transfection using TRE-Tst-1, TRE-Krox-20, and TRE-Sox10 constructs. Both polyclonal and several clonal lines exhibited tightly regulated expression of these transcription factors with low background levels under normal culture conditions and high induction rates after addition of doxycycline (Fig. 1A) . Upon long exposure of Western blots, minimal amounts of each transcription factor were detectable in the uninduced state, as were low levels of transcripts by a sensitive reverse transcription-PCR (RT-PCR) approach (Fig. 1B) . Residual expression in the uninduced state, however, did not impair the usefulness of this system. Experiments described below were performed with the polyclonal and various clonal lines with essentially identical results, thus ruling out that the observed effects are integration or selection artifacts caused by the process of stable transfection.
Activation of P 0 gene expression by induction of Sox10. To identify potential activators of P 0 gene expression, we screened for variations in the levels of endogenous P 0 transcripts coincident with induction of Tst-1/Oct6/SCIP, Krox-20, or Sox10 in each stable cell line. Doxycycline treatment of mock-transfected Tet-On N2A cells did not cause activation of endogenous P 0 expression (data not shown). Similarly, induction of Krox-20 or Tst-1/Oct6/SCIP did not lead to any detectable increase in endogenous P 0 message, as judged by semiquantitative RT-PCR analysis ( Fig. 1B and data not shown) . Among the cell lines tested, those that inducibly expressed Sox10 were the only ones for which significant alterations in the amounts of endogenous P 0 message could be detected. Upon Sox10 induction, we detected on average a greater than 10-fold increase in the intensity of the P 0 -specific signal in semiquantitative RT-PCRs (Fig. 1B) .
To analyze whether this effect was specific to Sox10 or could be obtained with other Sox proteins, we generated another set of N2A lines which inducibly expressed Sox11 (Fig. 1 ). This Sox protein was chosen because it is present in cells of various neural lineages and because it behaves as a very potent transcriptional activator on artificial promoter constructs with binding sites for Sox proteins (18) . Sox10 and Sox11 belong to different subgroups of Sox proteins (47), significant (59%) amino acid identities between them being restricted to their HMG domains. After induction of Sox11, only a slight activation of P 0 expression was observed, clearly pointing to the specificity of P 0 gene induction by Sox10.
Consequences of Sox10 mutations on P 0 gene induction. Several mutations that lead to functional inactivation of Sox10 have been found in mice and Waardenburg-Hirschsprung patients (5, 13, 20, 36) . We generated stable N2A lines which inducibly expressed naturally occurring Sox10 mutations (Fig.  2B ). The Sox10 Dom mutation was originally identified as the gene defect in the spontaneous mouse mutant Dominant megacolon (Dom) (13, 46) , while the Sox10 059 mutation derives from a Waardenburg-Hirschsprung patient (36) . Both mutations consist of frameshifts that lead to Sox10 proteins with carboxy-terminal truncations varying in length. Sox10
Dom consists of only the first 193 residues of Sox10 followed by 99 unrelated amino acids; Sox10 059 , on the other hand, contains the first 360 residues of Sox10 followed by 40 unrelated amino acids (Fig. 2B ). Both proteins still have an intact HMG domain and are capable of DNA binding (20) . When endogenous P 0 expression was quantified in these stable cell lines in the absence or presence of doxycycline, no significant difference was detected ( Fig. 2A) . Unlike the case for wildtype Sox10, induction of neither mutant led to an increase of endogenous P 0 expression. Thus, naturally occurring Sox10 mutations are defective for P 0 activation in the N2A Tet-On system.
Activation of the P 0 promoter by Sox10. The region responsible for glia-specific expression of P 0 has been mapped to a 1.1-kb promoter region (27, 29) , the most important determinants being present between positions Ϫ350 to ϩ45 relative to the transcriptional start site (6) . Therefore, it was of interest to determine whether the Sox10-dependent increase of P 0 expression was mediated by the promoter region. This question was addressed in transient transfection experiments using a luciferase reporter under the control of rat P 0 promoter sequences from positions Ϫ915 to ϩ48 (Fig. 3A) . The P 0 luciferase reporter was transfected into the stable Tet-On N2A lines, and transcription factor expression was activated by treatment with doxycycline. In general, activation of reporter gene expression was measured as the ratio of luciferase activity in the presence and absence of doxycycline relative to the ␤-globin minimal promoter. In several experiments, activation rates were additionally determined relative to the full-length TK promoter or the simian virus 40 (SV40) early promoter, with reference plasmids being transfected either in separate plates (TK-driven reporter) or as internal control in the same plates as the P 0 luciferase reporter (SV40-based reporter). As shown paradigmatically in Fig. 3B and C, results were very similar under all conditions.
There was no significant stimulation of the P 0 promoter in FIG. 1. Sox10 selectively increases endogenous P 0 expression in stable N2A transfectants. (A) Western blot analyses of extracts prepared from N2A Tet-On cell lines generated by stable transfection and kept for 24 h in the absence (Ϫ) or presence (ϩ) of doxycycline (Doxa). Expression of Sox10 (S10), Sox11 (S11), and Krox-20 (K20) proteins was detected using polyclonal antisera raised against the proteins. Numbers on the right indicate sizes of molecular weight markers in kilodaltons. (B) RT-PCR analysis of cDNA obtained from N2A Tet-On cell lines capable of inducibly expressing Sox10 (S10), Sox11 (S11), or Krox-20 (K20). Transcription factor induction (ϩ) was through treatment with doxycycline (Doxa). cDNAs from uninduced cells (Ϫ) served as a control. P 0 transcript levels were compared in the various transfectants by semiquantitative PCR using increasing numbers of amplification cycles. PCRs with primers specific for GAPDH, Sox10, Sox11, and Krox-20 were performed to monitor the experiment.
the original N2A Tet-On cells or in the stable Krox-20 cell lines after transcription factor induction (Fig. 3A) . The induction of Sox11 led to a twofold stimulation of the P 0 promoter, which is in good agreement with the already described low-level Sox11-dependent induction of endogenous P 0 (Fig. 1B) RT-PCR analysis on cDNA obtained from N2A Tet-On cell lines before (Ϫ) and after (ϩ) induction of Sox10 proteins by treatment with doxycycline (Doxa). P 0 transcript levels were compared in transfectants capable of inducibly expressing Sox10 (S10) or the Sox10 mutants Sox10 Dom (dom) and Sox10 059 (059) by semiquantitative PCR using increasing numbers of amplification cycles. PCRs with primers specific for GAPDH were performed as control. (B) Western blot analysis of extracts prepared from stable transfectants kept for 24 h in the absence (Ϫ) or presence (ϩ) of doxycycline. Sox10 (S10) and its two mutant forms Sox10 Dom (dom) and Sox10 059 (059) were detected using a polyclonal antiserum raised against Sox10. Dom (dom) or Sox10 059 (059) were transfected in quadruplicates with luciferase (luc) reporters driven by the ␤-globin minimal promoter (TATA) or the rat P 0 promoter (P0). From each transfected quadruplicate, one duplicate was left untreated and the other was treated with doxycycline to induce transcription factor expression. Luciferase activities in extracts from transfected cells were determined in three independent experiments. Data were normalized to pTATAluc as described in Materials and Methods and are presented as fold increase of luciferase activities in the presence of transcription factor expression relative to its absence. (B and C) For select transfections, data were normalized to pTKluc, a luciferase reporter driven by the full-length TK promoter (B), or to pCH110, an internal control plasmid which carries lacZ under the control of the SV40 early promoter (C). Transfections in panel C were also carried out with the mouse P 0 promoter (mP0) and the rat minimal P 0 promoter (minP0; see also Fig. 4 ). Measured activities (light units per microgram of total protein) for the rat P 0 promoter before doxycycline treatment were in the range of 150 to 290 in Nrt, 90 to 110 in K20, 110 to 180 in S11, 300 to 550 in S10, 120 to 200 in dom, and 380 to 450 in 059.
stimulation of the P 0 promoter was severely reduced or abolished (Fig. 3A) .
Induction of Sox10 also activated transcription from a mouse P 0 promoter spanning positions Ϫ1300 to ϩ48 (Fig.  3C) . Stimulation rates were on average 75% of those observed for the rat promoter fragment. The Sox10-dependent induction of the endogenous P 0 is thus faithfully mimicked in transient transfections by luciferase reporters under the control of the P 0 promoter. Sox10-responsive regions in the P 0 promoter. To determine which part of the P 0 promoter mediates Sox10-dependent activation, we generated shortened versions of the P 0 promoter by successively removing sequences from the distal end (Fig.  4A) . The resulting promoter constructs were then analyzed for the ability to be activated in a Sox10-dependent manner by transfection into the stable S10 cell line (Fig. 4B) . Control transfections in the original N2A Tet-On cells confirmed that none of the P 0 promoter constructs was activated upon addition of doxycycline in the absence of Sox10 (Fig. 4B) .
Deletion of the distal-most 357 bp left inducibility unaltered (compare the 17-fold stimulation for P0 to the 16-fold stimulation for Ϫ558 P0 in Fig. 4B ), arguing against a role of the distal portion in mediating Sox10-dependent stimulation of the P 0 promoter. This conclusion was corroborated in the complementary experiment. A compound construct consisting of the distal-most 357 bp and the minimal P 0 promoter was not activated by Sox10 (d1 P0 in Fig. 4C ). However, further truncation of the P 0 promoter to position Ϫ435 led to a significant reduction in Sox10 responsiveness, with stimulation rates dropping from 16-fold to 6-fold (Fig. 4B) . Thus, there is an important determinant of Sox10 responsiveness between positions Ϫ558 and Ϫ435. However, this region failed to confer Sox10-dependent stimulation onto the minimal P 0 promoter when artificially placed next to it (d2 P0 in Fig. 4B ). Therefore, region Ϫ558 to Ϫ435 is not sufficient to confer Sox10 responsiveness to the P 0 promoter. Additional determinants must be present in the proximal region.
Deletion of an additional 140 bp from positions Ϫ435 to Ϫ295 did not further reduce the rate of Sox10-dependent stimulation (Fig. 4B) . The remaining Sox10-dependent increase of P 0 promoter activity was lost only upon gradual removal of sequences from position Ϫ295 via Ϫ155 to Ϫ38. We conclude that Sox10 increases P 0 promoter activity through two regions, with positions Ϫ295 to Ϫ38 mediating the basic effect and Ϫ558 to Ϫ435 strongly augmenting it.
Sox10-responsive elements in the P 0 promoter. Although suggestive, deletion analysis of the P 0 promoter does not prove that the effect of Sox10 on the P 0 promoter is direct. To evaluate this possibility, we searched for potential Sox10 binding sites in the P 0 promoter, in particular within those two regions shown to mediate the Sox10-dependent promoter stimulation. The published consensus sequences for Sox binding sites consist of a core binding element of 7 bp and allow both adenosine and thymidine at three out of seven positions (11, 28) (Fig. 6B) . We identified two sites in the P 0 promoter which fully conformed to this consensus, site B (positions Ϫ147 to Ϫ141) and site F (positions Ϫ453 to Ϫ459). Interestingly, these sites are localized in the two regions identified as mediating Sox10-dependent stimulation (Fig. 5) . In electrophoretic mobility shift assays, both sites were bound by the bacterially expressed HMG domain of Sox10, with site B showing higher affinity than site F (Fig. 5A ). Both sites were mutagenized such that the Sox consensus was replaced by a GC-rich element (MUT in Fig. 6B) . As a consequence, Sox10 binding was obliterated (Fig. 5A) .
These same mutations were also introduced into the context of the rat P 0 promoter, and the mutant promoters were analyzed for their responsiveness to Sox10 (Fig. 5B) . Mutation of site F reduced Sox10-dependent stimulation from 23-fold to 8-fold, an effect very similar to the one observed after truncation of the P 0 promoter to position Ϫ435. Thus, the action of site F is sufficient to explain the activity of the more distal of the two Sox10-responsive regions within the P 0 promoter.
Mutation of site B also led to a severe decrease in Sox10-dependent stimulation, lowering activation rates from 23-fold to 5-fold (Fig. 5B) . Combination of both mutations, however, did not further reduce activation rates (data not shown).
Next we analyzed the consequence of site B mutation in the context of the Ϫ435 P0 luciferase construct. In this set of experiments, Sox10-dependent stimulation dropped from 9.5-fold to 4-fold in the absence of a functional site B (Fig. 6C) . This corroborates that site B is responsible for a significant fraction of the Sox10 responsiveness. At the same time, it From each transfected quadruplicate, one duplicate was left untreated and the other was treated with doxycycline to induce transcription factor expression. Luciferase activities in extracts from transfected cells were determined in three independent experiments. Before doxycycline treatment, actual activities of luciferase reporters (light units per microgram of total protein) were 60 to 80 for TATA, 300 to 550 for P0, 200 to 300 for Ϫ558 P0, 350 to 450 for Ϫ435 P0, 600 to 850 for Ϫ295 P0, 600 to 700 for Ϫ155 P0, 30 to 40 for minP0, 80 to 100 for d1 P0, and 70 to 90 for d2 P0. Data were normalized and are presented as fold increase of luciferase activities in the presence of Sox10 expression relative to its absence.
indicates that there must be additional Sox10-responsive elements in the proximal P 0 promoter.
Activation of the type II collagen gene in chondrocytes by Sox9, a protein closely related to Sox10, had previously been shown to depend on an enhancer with multiple functional Sox binding sites (2, 49) . In addition, these sites only loosely conformed to the consensus DNA binding motif for Sox proteins. To investigate whether the proximal region of the P 0 promoter also contains multiple binding sites for Sox10, we performed electrophoretic mobility shift analyses with a DNA fragment encompassing positions Ϫ295 to Ϫ38 of the P 0 promoter (Fig.  6A) . Using increasing amounts of a fusion protein between GST and the Sox10 HMG domain, we obtained a ladder of regularly spaced protein-DNA complexes. Any given complex differs from the one with the next-higher mobility by possession of one additional HMG domain molecule. The presence of multiple HMG domain molecules in these complexes could be due to interactions of each HMG domain with the DNA fragment or to protein-protein interactions between the proteins themselves. Because we were unable to detect protein-protein interactions between Sox10 HMG domains in pull-down experiments (data not shown), we favor the hypothesis that the number of complexes is a direct indicator of the number of independent Sox10 binding sites within this region. In these experiments, we were able to resolve at least four separate complexes, thus revealing the presence of multiple Sox10 binding sites in this region.
By allowing mismatches, we identified several candidate binding sites for Sox proteins in addition to the already described site B. Electrophoretic mobility shift analysis with these sites revealed that additional sites, termed A, C, D, and E, were bound by the HMG domain of Sox10 (Fig. 6B) . Only site C showed an affinity approaching that of site B. Sites A, D and E were significantly weaker binding sites when assayed on their own (Fig. 6B) .
Each of these sites was mutated in the context of the Ϫ435 P0 luciferase reporter to the same GC-rich element previously employed (MUT in Fig. 6B ). The resulting P 0 promoter mutants were analyzed for their response to Sox10 (Fig. 6C) . Mutation of site A had the least effect, with Sox10-dependent stimulation dropping from 9.5-fold to 8-fold. The strongest reductions were observed for P 0 promoters that lacked a functional site B or C. In each of these cases, stimulation decreased from 9.5-fold to 4-fold. Mutations of sites D and E were of intermediate consequence, with activation rates dropping from 9.5-fold to 5-to 5.5-fold. Combination of site B and site C mutations curtailed Sox10 responsiveness to levels comparable to those obtained with the minimal promoter. Combination of FIG. 5 . Two consensus Sox binding sites are present within the P 0 promoter. (A) Purified GST-Sox10 protein (amino acids 101 to 180) was analyzed in electrophoretic mobility shift assays for its ability to bind to radiolabeled oligonucleotides containing consensus Sox binding sites from the P 0 promoter (B and F; for sequence, see Fig. 6B ) or mutant versions thereof (mtB and mtF; for sequence, see Fig. 6B ). The relative localization of these sites in the P 0 promoter is shown at the bottom. Ϫ, no protein added; ϩ, GST-Sox10 added. (B) Tet-On N2A cells capable of expressing Sox10 were transfected in quadruplicates with luciferase reporters driven by the ␤-globin minimal promoter (TATA) or the rat P 0 promoter. In addition to the wild-type P 0 promoter (P0), versions were used in which site B (P0mtB) or site F (P0mtF) were mutated. minP0 denotes the minimal P 0 promoter from positions Ϫ38 to ϩ48. From each transfected quadruplicate, one duplicate was left untreated and the other was treated with doxycycline to induce transcription factor expression. Luciferase activities in extracts from transfected cells were determined in three independent experiments. Before doxycycline treatment, actual activities of luciferase reporters (light units per micrograms of total protein) were 60 to 80 for TATA, 300 to 550 for P0, 30 to 40 for minP0, 500 to 600 for P0mtB, and 550 to 670 for P0mtF. Data are presented after normalization as fold increase of luciferase activities in the presence of Sox10 expression relative to its absence. site B mutations with mutations of any other site, on the other hand, did not lead to a reduction in Sox10 responsiveness significantly below the level observed for site B mutation alone (data not shown). The proximal Sox10-responsive region therefore contains multiple Sox10 binding sites as its functional elements, with sites B and C being the most important ones. Corroborating the importance of these sites, a fragment corresponding to positions Ϫ229 to Ϫ116 of the P 0 promoter and encompassing sites B and C was sufficient to confer Sox10 responsiveness to a luciferase reporter under the control of the ␤-globin minimal promoter (Fig. 6D) .
To analyze whether Sox10 binds cooperatively to sites B and C, we performed electrophoretic mobility shift assays with DNA fragments corresponding to positions Ϫ229 to Ϫ116 of the P 0 promoter. These fragments contained either wild-type or mutant versions of sites B and C in all possible combinations (Fig. 7A) . Using recombinant protein corresponding to amino acids 1 to 189 of Sox10, we obtained three complexes of different mobilities with a probe that contained wild-type sequences for both site B and site C (wt in Fig. 7B ). This indicates that there are three Sox10 molecules bound to the probe instead of the expected two. When we used a probe that carried a mutation in site B, the complex with the lowest mobility was lost and the strength of the complex with the highest mobility was significantly reduced. Only the complex with intermediate mobility remained almost unaltered (mutB in Fig.  7B ). When we used a probe with mutation in site C, the complex with the lowest mobility was again lost. Now there was a strong reduction of the complex with the intermediate mobility, and the high-mobility complex remained unaffected (mutC in Fig. 7B ). When both sites were mutated, binding was abolished completely (mutBϩC in Fig. 7B ). Together, these results indicate that site B binds a single Sox10 molecule, whereas site C is bound by two Sox10 molecules. Thus, while we failed to detect cooperativity between sites B and C, there was cooperative binding at site C.
We had previously noticed a potential Sox10 binding site with one mismatch in close proximity to site C. This site (CЈ in Fig. 7A ), however, failed to bind Sox10 by itself (data not shown). When we mutated CЈ in the context of an oligonucleotide probe that contained both C and CЈ, we observed an increase in the mobility of the Sox10-DNA complex, indicating that only one Sox10 molecule was bound to this probe (C/ mutCЈ in Fig. 7B ), whereas two molecules are bound to the wild type (C/CЈ in Fig. 7B ). When site C was mutated in the context of this probe, binding was almost completely abolished (mutC/CЈ in Fig. 7B ). Thus, CЈ can be occupied at significant levels only in the presence of site C, as expected in case of cooperativity. driven by the ␤-globin minimal promoter (TATA), a combination of rat P0 sequences from positions Ϫ229 to Ϫ116, and ␤-globin minimal promoter (TATAϩProx) or shortened versions of the rat P 0 promoter (Ϫ435 P0 and minP0; see also Fig. 4) . In addition to the wild-type Ϫ435 P0 luciferase construct, versions were used in which site A (Ϫ435 P0mtA), B (Ϫ435 P0mtB), C (Ϫ435 P0mtC), D (Ϫ435 P0mtD), E (Ϫ435 P0mtE), or B and C (Ϫ435 P0mtBϩC) were mutated as indicated in panel B. From each transfected quadruplicate, one duplicate was left untreated and the other was treated with doxycycline to induce transcription factor expression. Luciferase activities in extracts from transfected cells were determined in three independent experiments. Before doxycycline treatment, actual activities of luciferase reporters (light units per microgram of total protein) were 60 to 80 for TATA, 350 to 450 for Ϫ435 P0, 120 to 150 for Ϫ435 P0mtA, 380 to 460 for Ϫ435 P0mtB, 430 to 530 for Ϫ435 P0mtC, 380 to 450 for Ϫ435 P0mtD, 530 to 630 for Ϫ435 P0mtE, 630 to 710 for Ϫ435 P0mtBϩC, and 180 to 230 for TATAϩProx. Data were normalized and are presented as fold increase of luciferase activities in the presence of Sox10 expression relative to its absence. P 0 expression in Sox10 mutant mice. Our experiments show that in the N2A Tet-On system, Sox10 regulates expression of the P 0 gene by directly binding to its promoter. To obtain in vivo evidence for these tissue culture findings, we used Dom mice. These mice express a truncated and functionally inactive version of the Sox10 gene (13, 46) . Homozygous Dom embryos exhibit severe defects early in development. On average they die at E13.5 for unknown reasons. Therefore, we concentrated our analyses on E12.5 embryos.
First we analyzed expression of P 0 and Sox10 in total embryos by semiquantitative RT-PCR (Fig. 8A ). In the heterozygotes, there was a dramatic reduction of P 0 expression. This decrease was even more pronounced in homozygous Dom embryos, with P 0 transcripts being almost undetectable. These RT-PCR data were independently confirmed by RNase protection analyses (Fig. 8B) . A parallel analysis of Sox10 expression revealed that message levels in heterozygotes and wildtype embryos were comparable. This was expected, as inactivation of Sox10 in the Dom mouse does not lead to a loss of Sox10 transcripts (13) . However, we detected a significant reduction of Sox10 expression in the homozygous embryos, indicating that at this age there is already a significant loss of Sox10-expressing cells throughout the embryo. Therefore, it is impossible to distinguish by this assay whether the strong decrease of P 0 expression in homozygous Dom embryos is due to a loss of P 0 -expressing cells, to a loss of P 0 expression within still existing cells, or to a combination of both. The reduced P 0 expression in heterozygotes, however, is clearly not due to significant cell loss, but rather points to a direct involvement of Sox10 in the regulation of P 0 expression. To determine the underlying cause of decreased P 0 expression in homozygous Dom mice, we next performed histology and in situ hybridization on E12.5 embryos. Histological analysis of homozygous Dom embryos demonstrated a severe reduction in the size of dorsal root ganglia ( Fig. 9A and B) . Furthermore, most peripheral nerves appeared thinned and lacked Schwann cell precursors (Fig. 9C and D) . This defect in Schwann cell development will be described elsewhere in greater detail (D.E.G. and M.W., unpublished data). Nevertheless, it is clear that the loss of Schwann cell precursors contributes strongly to the decrease in P 0 expression observed in homozygous Dom embryos by RT-PCR.
However, in the vicinity of the dorsal root ganglia and the ventral root, spinal nerves still contain significant numbers of neural crest-derived cells associated with the nerve fibers (Fig.  9E) . Although these cells show a slightly altered morphology compared to control cells (Fig. 9F) , their location and Sox10 expression identify them as Schwann cell precursors (Fig. 9E and data not shown). In agreement, these cells, like their wildtype counterparts were found by in situ hybridization to express cadherin-6 ( Fig. 9G and H) . At E12.5, cadherin-6 expression is largely restricted to motor neurons within and Schwann cell precursors outside the central nervous system and thus represents one of the few available markers for cells of the Schwann cell lineage at this time of development (15) .
When spinal nerves of wild-type mouse embryos were analyzed by in situ hybridization with a P 0 probe, P 0 expression was readily observed in cells lining these nerves (Fig. 9I ). In contrast, nerves of homozygous Dom embryos were completely devoid of P 0 even in the region close to dorsal root ganglia and ventral roots where cadherin-6-positive cells were still present (Fig. 9J) . Reduced RT-PCR detection of P 0 in homozygous embryos is, therefore, also due to loss of P 0 expression in existing glial progenitor cells. This result shows that Sox10 is needed in these cells for P 0 expression.
DISCUSSION
In this study we have examined several transcription factors which are preferentially expressed in cells of the Schwann cell lineage for the ability to regulate P 0 expression using a Tet-On cell culture system in which expression of these transcription factors could be induced. We had to choose a cell line with low or missing expression of the transcription factors to be analyzed. In addition, we assumed that a cell of neural origin would provide a better environment for the function of these Sox10 protein (amino acids 1 to 189) was analyzed in electrophoretic mobility shift assays for its ability to bind to a radiolabeled fragment spanning positions Ϫ229 to Ϫ116 of the rat P 0 promoter. In addition to the wild-type fragment (wt), versions were used in which site B (mutB), C (mutC), or both (mutBϩC) were mutated. Ϫ, no protein added; ϩ, Sox10 protein added (C) Purified Sox10 protein (amino acids 1 to 189) was analyzed in electrophoretic mobility shift assays for its ability to bind to a radiolabeled fragment spanning positions Ϫ206 to Ϫ185 of the rat P 0 promoter. In addition to the wild-type fragment (C/CЈ), versions were used in which C (mutC/CЈ), or CЈ (C/mutCЈ) were mutated. Ϫ, no protein added; ϩ, Sox10 protein added.
transcription factors than a nonneural cell. N2A neuroblastoma fulfilled these criteria. However, it has to be kept in mind that N2A cells do not express glial genes. This prevents a priori the detection of inhibitory effects on glial target genes. Thus, our system is unable to address the previously reported repression of P 0 gene expression by Tst-1/Oct6/SCIP (32) . In addition, it cannot be excluded that N2A cells lack some gliaspecific transcription factors or coactivators that are needed for the function of Sox10, Krox-20, or Tst-1/Oct6/SCIP in myelinating glia. As a consequence, it might be possible to detect only a subset of effector-target gene relationships.
Despite these limitations, we were able to show Sox10-dependent induction of endogenous P 0 expression in these cells. This effect was not observed for Krox-20, for Tst-1/Oct6/SCIP, or for naturally occurring Sox10 mutants previously shown to be functionally inactive (13, 20) . Sox11 induced only low levels of endogenous P 0 expression, despite the fact that Sox11 behaves as a very strong transcriptional activator of minimal promoters with Sox binding sites (18) . The stimulatory effect on P 0 gene expression is therefore specific for Sox10. Sox10-dependent stimulation was also observed for a luciferase reporter plasmid under control of the P 0 promoter. Within the P 0 promoter, Sox10 responsiveness was mapped to two regions, each of which contained binding sites for Sox proteins. These binding sites were directly involved in mediating the stimulatory activity of Sox10 as indicated by mutagenesis. Taken together, these results strongly suggest that the observed stimulation of P 0 gene expression in the N2A system results from direct activation of the P 0 promoter by bound Sox10 molecules. P 0 expression is confined to cells of the Schwann cell lineage. Given the findings that Sox10 is the major Sox protein in Schwann cells (19) and that Sox10-dependent activation of P 0 gene expression is conferred by the same regions previously shown to contain all necessary determinants for Schwann cellspecific expression both in vivo (29) and in vitro (6, 27) , it seems likely that Sox10 is involved in controlling P 0 gene expression in vivo in cells of the Schwann cell lineage.
This conclusion is strongly supported by experimental evidence. During embryogenesis, P 0 is expressed at low levels first in a subpopulation of neural crest cells which give rise to peripheral glia and later in cells of the Schwann cell lineage (10, 21) . These cells are also positive for Sox10 (19) . At E12.5, they are already strongly reduced in mouse embryos homozygous for the Dom mutation of Sox10, indicating that Sox10 expression is essential for early Schwann cell development. However, residual Schwann cell precursors are still present in these embryos in the vicinity of dorsal root ganglia and ventral roots. These cells still express the glial marker cadherin-6 but fail to express P 0 , whereas their counterparts in control embryos are positive for both. This proves that P 0 expression in these cells depends on the presence of functional Sox10 protein. A second evidence for the in vivo regulation of P 0 expression by Sox10 is provided by the observation that P 0 expression is strongly decreased in heterozygous Dom mice despite the fact that there is no detectable reduction in the number of Schwann cell precursors. At this developmental stage, a single wild-type Sox10 allele seems insufficient for maintaining normal levels of P 0 expression.
Expression patterns of Sox10 and P 0 are not completely congruous. There are a number of cells which express Sox10 but do not contain detectable levels of P 0 . These include early neural crest cell populations, melanoblasts, cells of the oligodendrocyte lineage, as well as nonmyelinating Schwann cells (19, 46) . Thus, while there is good evidence for a role of Sox10 in the regulation of P 0 expression, it is unlikely that Sox10 alone is responsible for this effect. It is much more likely that Sox10 has to cooperate with other factors. This is a reasonable assumption, as Sox proteins generally tend to exert their numerous functions in conjunction with other proteins (for reviews, see references 35 and 47) and as Sox10 has been shown on synthetic promoter constructs to be a weak transcriptional activator on its own but a strong activator in combination with other transcription factors such as Tst-1/Oct6/SCIP and Pax-3 (19, 20) . This feature has been attributed to a proposed role of Sox proteins in determining higher-order structure of protein-DNA complexes by both bending DNA and providing interfaces for protein-protein interactions (37) . According to this hypothesis, cells which express P 0 should contain a factor that is capable of synergistic interaction with Sox10 and that is absent from those Sox10 positive cells which do not express P 0 .
One of the proteins that would have been a good candidate for a Sox10 cooperation partner with regard to regulation of P 0 gene expression is Krox-20. In the Schwann cell lineage, Krox-20 expression starts after transition from Schwann cell precursors to embryonic Schwann cells and from late embryogenesis onward is restricted to myelinating Schwann cells (33, 51) . Thus, Krox-20 occurrence parallels P 0 expression in the Schwann cell lineage from the embryonic Schwann cell stage onward. In addition, both Krox-20 and P 0 are absent from oligodendrocytes, which are a main site of Sox10 expression in the adult. Finally, there is a GC-rich element in the P 0 promoter that could potentially function as a binding site for .
However, previous protein-DNA interaction studies on Schwann cell nuclear extracts failed to reveal Krox-20 binding. Instead, Sp1 binding was detected (6) . In agreement, we were unable to obtain a significant increase of endogenous P 0 expression or P 0 promoter activity in N2A cells upon induction of Krox-20. Importantly, stable N2A clones that coexpressed Sox10 and Krox-20 in an inducible manner failed to show stimulation of endogenous P 0 expression and P 0 promoter activity above levels obtained for Sox10 alone (data not shown). Thus, we have no evidence implicating Krox-20 in the regulation of P 0 expression either alone or in conjunction with Sox10. VOL. 20, 2000 Sox10 REGULATES P 0 EXPRESSIONexpression of a luciferase reporter under the control of the rat P 0 promoter by Krox-20 in Schwann cells. In light of all available data, this result is best explained as an indirect effect, with Krox-20 activating other transcription factors that in turn stimulate P 0 expression. The proposed role of Sox10 as both an accessory and an architectural factor in P 0 gene expression is also compatible with its binding to multiple sites within the proximal P 0 promoter. Given the ability of Sox10 to bend DNA significantly (R. I. Peirano and M. Wegner, unpublished data), the combined interaction of Sox10 with all identified sites could lead to dramatic changes in promoter topology. Two of these sites (B and C) have high affinity for Sox10, and their mutation has the strongest influence on the ability of Sox10 to activate the P 0 proximal promoter. Site B exactly matches the Sox consensus site, whereas site C does not. Nevertheless, site C displays high affinity because it allows cooperative binding of two Sox10 molecules. It is likely that sites B and C will be occupied first. Additional binding of the other sites might vary during different phases of Schwann cell development and might be a means of regulating promoter activity by altering promoter topology and allowing different sets of transcription factors to bind.
Sox proteins are known to interact functionally with other transcription factors (for a review, see reference 47). This might also be important in the context of the P 0 promoter. That other proteins do indeed bind to the P 0 promoter has become evident in DNase footprint analysis with Schwann cell extracts (6) . These experiments were carried out with the promoter-proximal region because this region had been found to confer most of the Schwann cell-specific activity of the P 0 promoter. This is the same region that also contains most of the Sox10 binding sites identified in this study. With the exception of site A, Sox10 binding sites do not overlap with the previously mapped protein interaction sites. Instead they are interspersed. While contradictory at first glance, these results fit together well. The use of dI-dC as competitor in the DNase footprinting experiments (6) very likely prevented detection of Sox binding sites, because dI-dC is a very efficient competitor for proteins binding to the minor grove of AT-rich DNA such as Sox proteins (44) . Thus, both studies taken together would have to be interpreted in such a way that Sox10 binds between sites occupied by other proteins, possibly altering overall promoter topology by DNA bending and by allowing additional protein-protein interactions.
Binding and activation characteristics of Sox10 on the P 0 promoter are also reminiscent of Sox9 function on the type-II collagen gene (col2a1). Col2a1 is the major extracellular matrix component of cartilage, and Sox9 is very strongly expressed in the cartilage forming chondrocytes. It has been shown that chondrocyte-specific expression of the col2a1 gene is mediated by a chondrocyte-specific enhancer present in intron 1 of the gene. This enhancer contains as functional elements multiple binding sites for Sox9, just as the P 0 promoter contains multiple Sox10 binding sites (2, 22, 34) . Mutation of these binding sites severely disturbed the chondrocyte-specific activity of this enhancer in vitro and in vivo. Additionally, expression of a Sox9 transgene under the control of the Hoxb2 promoter induced ectopic expression of both the endogenous col2a1 gene and a col2a1-lacZ transgene, clearly proving that chondrocytespecific function of the enhancer required Sox9 (2). However, col2a1 expression was not observed in all regions and cells that exhibited ectopic Sox9 expression, just as type II collagen is not produced by all cells which endogenously express Sox9 during development, thus, providing further analogy to the situation described in this study for Sox10 and P 0 .
Recent results on the col2a1 enhancer have also shown that Sox9 functions in concert with Sox6 and L-Sox5, two other Sox proteins only distantly related to Sox9 (23) . It will be interesting to determine whether such a cooperation with other Sox proteins can also be detected for Sox10 on the P 0 promoter. Sox6 and L-Sox-5 are, however, unlikely to be these proteins, as neither of them is expressed at significant levels in Schwann cells (Peirano and Wegner, unpublished data). Regulation of P 0 expression by Sox10 might also help to explain the pathophysiology of Sox10 mutations. Heterozygous Sox10 mutations in humans primarily result in WaardenburgHirschsprung syndrome (5, 36, 45) . Recently, however, a patient with a novel heterozygous Sox10 mutation that leads to a carboxy-terminal 82-amino-acid extension of the open reading frame has been described. This patient not only exhibited the classical symptoms of Waardenburg-Hirschsprung but in addition showed myelin abnormalities in both central and peripheral nervous systems which are characteristic of PelizaeusMerzbacher disease and Charcot-Marie-Tooth disease type 1, respectively (14) ; the latter is usually caused by mutations in the genes coding for structural myelin proteins such as connexin-32, PMP-22, and P 0 (for a review, see reference 17). Similar phenotypic manifestations of Sox10 and P 0 mutations may be explained by the fact that P 0 expression is under the control of Sox10. Sox10 and P 0 mutation would then both lead to comparable loss of functional P 0 protein.
In conclusion, we have shown both in vivo and in a tissue culture model that Sox10 regulates P 0 expression by directly acting on its promoter. This finding has important implications for our understanding of Schwann cell biology and human disease.
